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Abstract
High efficiency optoelectronic devices rely on high quality materials making up the
device structure. The scope of this thesis investigates the effectiveness of rapid thermal annealing
(RTA) at improving the material quality of GaAsBi/GaAs heterostructures.

During the

fabrication of a device, the contacts of the device had the rapid thermal annealing process
accomplished to produce ohmic contacts and this research explored if this annealing treatment
degraded the quantum wells that made up the active region of a device. To investigate these
effects, a system to measure the photoluminescence of the material system was constructed
utilizing Fourier Transform Infrared Spectroscopy. The photoluminescence intensity of the
grown heterostructures was measured before and after RTA to see if there was any gain in the
luminescence of the heterostructures. Measured gain is attributed to the reduction in nonradiative defects within the GaAsBi/GaAs material system.

For the annealing time of 60

seconds, it was shown that the photoluminescence intensity does increase to a maximum at the
500°C annealing temperature. The maximum gain in photoluminescence intensity was 2.2 times
that of the non-annealed intensity at room temperature. Over this temperature the optical quality
of the material system began to degrade. The structure of the quantum well remained well
formed until an annealing temperature of 750°C at which point the quantum well was destroyed.
X-ray diffraction measurements were also performed to investigate the structural effects of rapid
thermal annealing on the heterostructures. The post growth rapid thermal annealing process was
shown to moderately improve the photoluminescence of GaAsBi/GaAs heterostructures by
increasing the peak intensity by 2.2 times.

The structure of the heterostructures under

investigation displayed structural stability up to 750°C, proving that the structural stability could
be maintained during the device fabrication process.
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Chapter 1

Introduction

Over the last half century, semiconductor materials and devices have impacted the lives
of people from all over the world. These materials have transformed the radio and TV from
vacuum tube technology to mp3 players and flat panel T.V.s. The rotary dial telephone has been
replaced by the smart phone and the typewriter has been replaced by powerful laptop computers.
An increasing number of people today read the news on the web, keep up with friends and family
through email and social media, and even shop from home. Data storage has been transformed
from magnetic tapes and disks that were susceptible to damage from environmental elements to
solid state memory that we now carry on our key rings. All of these advances in society have
been a direct result of the rise of the semiconductor industry and its integration into daily life.
Semiconductors can be used as switches, capacitors, resistors, and other types of devices.
The devices that produce or detect electromagnetic radiation are referred to as optoelectronic
devices and includes solar cells, light emitting diodes (LED), lasers, etc. Optoelectronic devices
have come to take a very important place in our current society. Almost anywhere a person
looks they see the effects of optoelectronic device research that has been incorporated into
technology. Some examples of where this technology resides are in digital clocks, smart phones,
remotes, and have even began to be used in household lighting.

Another place where

optoelectronic devices have found a valuable use is in the telecommunication industry. Fiber
optic systems use a laser to send packets of light down a fiber optic cable. These packets are
received at the other end by a photo detector, which is tuned to the specific wavelength of light
that is used in fiber optic communications.
Epitaxial growth, which is layer by layer growth, is employed to grow semiconductor
materials as well as some of the more complex optoelectronic device structures used to fabricate
1

devices. One of the most common types of epitaxial growth used for III-V semiconductor device
structures is molecular beam epitaxy (MBE). This type of growth uses heat to evaporate solid
sources, which produces beams of particles that move through an ultra-high vacuum and
condense on the surface of the substrate. MBE growth is a slower process than other types of
epitaxial growth but allows for precise control of the growth of semiconductor alloys and
heterostructures. As technology continues to progress, the demand for optoelectronic devices
used in all types of applications also increases. This demand fuels the research into the next
generation of optoelectronic devices that operate faster, are smaller, and more efficient.
1.1

Current telecommunication laser diodes
Presently, near infrared (NIR) telecommunication laser diodes consist of InGaAsP/InP

laser diodes. These laser diodes are limited by the properties of the material which makes up the
active region, thus reducing device efficiency when the temperature increases (Figure 1.1) [1].

Figure 1.1Current threshold in current telecommunication laser diodes as it varies with
increasing temperature. (modified for clarity from Ref [1])
2

One of the main mechanisms that affects the overall temperature characteristics of the
device is the conduction-heavy hole and spin orbit-heavy hole (CHSH) Auger recombination
mechanism that occurs in the active region of the diodes [2] (Figure 1.2). This three particle
mechanism occurs when the recombination of an electron-hole pair does not release a photon but
instead gives its energy to another hole in the heavy hole band and moves it to the spin orbit
band. The other mechanism that greatly affects the temperature dependence is intervalence band
absorption (IVBA) [3]. This mechanism is very similar to the CHSH Auger process except when
the electron-hole pair recombination occurs a photon is released, and then is absorbed by the
material and excites a hole from the heavy hole band to the spin orbit band. The combination
these two different mechanisms contributes to the rapid rise of threshold current of current
telecommunication laser diodes near room temperature.

Figure 1.2 Diagram depicting the difference between radiative recombination (left) and the
CHSH non-radiative recombination (right). [2]
In order to mitigate the temperature dependent characteristics affecting current
InGaAsP/InP laser diodes, thermo-electric coolers (TEC) are incorporated into the packaged
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laser diode assemblies in order to reduce the temperature of the diode to avoid the detrimental
effects of increased temperature. This solution to the temperature dependent characteristics of
the current telecommunication laser diodes reduces the efficiency of the overall system due to
the power consumption of the TEC module that keeps the temperature of the laser diode
constant. An example of the overall efficiency decrease in a typical InGaAsP laser diode
assembly is that the diode consumes 10mW of power to achieve the lasing condition meanwhile
the TEC consumes 600mW of power to keep the temperature of the laser diode constant [4]. This
results in the overall efficiency of the system in turning electricity into light at only 1.6%. The
temperature dependent characteristics of InGaAsP/InP laser diodes, which result in poor
efficiency of the system, mark them as prime candidates for replacement by another material.
1.2

GaAsBi material for temperature insensitive infrared laser diodes
Of the III-V semiconductor families of alloys (Figure 1.3), some of the less studied alloys

are those that contain Bismuth (Bi), the heaviest non-radioactive element on the periodic table
and the largest of the group V elements. The research into III-V bismides began with the growth
of InSbBi by Joukeoff in 1972 using the Czochralski method [5]. Material research into the
GaAsBi material system began in 1998 with the first growth of the material by Oe using Metal
Organic Vapor Phase Epitaxy (MOVPE) [6]. The first growth of GaAsBi using MBE was
accomplished by Tixier in 2003 [7].

4

Figure 1.3 Group III - Group V elements of the periodic table. The most common elements used
are highlighted in green for Group III and blue for Group V.
Over the years GaAs has been alloyed with many different elements including Antimony
(Sb), Indium (In), and Nitrogen (N). Each of these compounds effect the band gap of GaAs.
The introduction of these impurities into GaAs causes a reduction in the band gap of GaAs. The
reduction of the band gap when alloyed with Antimony is 21 meV per percent, with Indium 16
meV per percent, and 125 meV per percent with Nitrogen [8]. As seen in Figure 1.4, the alloying
of GaAs with Bi can allow for the tuning of the bandgap between the bandgaps of GaAs and
GaBi [9].

5

Figure 1.4 Bandgaps vs lattice constants for common III-V materials including the bandgap and
lattice constant point for the proposed GaBi. The lines represent possible ternary alloys
composed of two binary compounds. Graph constructed by Dr. Shane Johnson, Arizona [10]
While GaBi material has yet come to realization, Janotti in 2002 proposed that the zincblende structure of GaBi would be expected to have a negative bandgap due to the large size of
Bismuth [11]. This suggested that the incorporation of Bismuth into GaAs would reduce the
band gap. Indeed the band gap of GaAs has been shown to undergo a substantial decrease of
88meV per percent Bi incorporation [12]. The mechanism that is responsible for this decrease in
band gap energy is similar to that of nitrogen (N), which has been described by the valence band
anti-crossing model [13] [14]. The Bi 6p energy level resides 80 meV below the valence band
maximum (VBM) in GaAs thus resulting in a resonant interaction with the VBM. This resonant
interaction results in a narrower bandgap due to the lifting of the VBM (Figure 1.5).

6

Figure 1.5 Schematic diagrams of the band anti-crossing model for the GaAsN and GaAsBi
material systems. [13] [14]
While this model goes a long way to describe the mechanism used to reduce the band gap
in GaAsBi, it does not explain the mechanism exactly. In GaAsN the conduction band minimum
(CBM) is dropped and there is no lifting of the VBM, but in GaAsBi the VBM lifted and the
CBM is reduced by a small amount. This difference shows that while the VBAC model has been
used to describe the incorporation of Bi into GaAs, this model does not fully explain the
behavior of alloying with Bi.
Alloying Bi with GaAs has also shown some other advantageous properties that make it
attractive to develop optoelectronic devices that operate with wavelengths in the near infrared
range (NIR). One of the most advantageous properties of a laser diode made from GaAsBi
material is that it increases the spin orbit splitting energy [15] [16] [17]. As seen in the Figure
1.6 [18], the spin-orbit splitting energy for GaAs is 0.34 eV while GaBi dominates the Ga alloys
with a spin orbit splitting energy of 2.15 eV [19].
7
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Figure 1.6 Spin-orbit splitting energies of both gallium and indium compounds consisting of
different group V elements. [18]
Due to the reduction in the bandgap energy and an increase in the spin-orbit splitting
energy, there should be a point where the energy of the bandgap becomes lower than that of the
spin-orbit splitting energy (Figure 1.7) [18]. This signignificant property led Professor Sweeney
to propose the GaAsBi material system as a candidate to replace the current telecommunication
laser diodes especially those that work at 1.55 μm [4]. The 1.55 μm laser diodes are uniquely
targetable because when the bandgap and the spin-orbit splitting energy intersection in GaAsBi
is very near to this important telecommunication wavelength.
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Figure 1.7 Depiction of the bandgap energy and the spin-orbit splitting energy associated with
the incorporation of Bi into the structure of GaAs. This shows a crossover near 10.5% Bi which
corresponds to a bandgap energy of 0.8 eV. [18]
The increasing spin-orbit splitting energy is significant to the development of temperature
insensitive laser diodes because it can affect the non-radiative recombination processes that
dominate current telecommunication laser diodes operating at high temperatures. The valence
band consists of multiple sub bands that reside at different energies depending on the material.
These bands are the heavy hole band, the light hole band, and the spin orbit band. Both the
CHSH Auger recombination and the IVBA require that the bandgap energy to be larger than the
energy difference between the heavy hole band and the spin orbit band (splitting energy) (Figure
1.8).
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Figure 1.8 The momentum space diagram depicting the conduction to heavy hole – heavy hole to
spin orbit Auger recombination as well as the suppression of this recombination process when
the bandgap energy is lower than the spin orbit energy.
When the splitting energy increases over the bandgap energy, there is not enough energy
released to excite a heavy hole to the spin orbit band and thus the CHSH Auger recombination
process is suppressed (Figure1.8). The same lack of energy released by the electron-hole pair
recombination effectively suppresses the IVBA process as well. The lowering of the bandgap
energy and increasing in spin orbit splitting energy caused by the incorporation of Bi into GaAs
has the potential to suppress the two main recombination mechanisms that degrade the
performance of current InGaAsP/InP laser diodes. This suppression has been verified
experimentally in GaAsBi with a Bi composition of 10.4% [17] [20].
Further characterization has been accomplished on the GaAsBi material over the past 15
years since its introduction. One of the more important quantities, which are required to be
10

determined in any grown Bi material, is the amount of Bi that has been incorporated into the
grown layer. This quantity is ascertained by the fitting of high resolution x-ray diffraction
(HRXRD) measurement that has been calibrated by Rutherford backscattering spectrometry
(RBS) [21]. To date the highest recorded amount of Bi incorporation is 22% [22]. HRXRD, as
well as transmission electron microscopy (TEM), has also been employed to study the structural
quality of the GaAsBi material systems [23] [24] [25].
Photoluminescence (PL), as well as photoreflectance (PR), has also been used widely to
study the optical properties of GaAsBi material systems [8] [26] [27]. Some PL studies have
reported that the temperature dependence of the peak PL energy has a value of just one third the
value of GaAs [28] [29] [30]. The band alignment between GaAs and GaAsBi has been
experimentally confirmed to be a type-I [17] [27] [31], which is the most desirable type of band
alignment utilized for optoelectronic devices. Furthermore, it has been shown that the carrier
transport properties are not significantly degraded by the incorporation of Bi into GaAs [32] [33]
[34]. This demonstrates that GaAsBi material is suitable for optoelectronic devices.
Indeed several optoelectronic devices have been fabricated utilizing GaAsBi material and
the heterostructures needed for device development.

The first LED that was successfully

demonstrated by Lewis utilized GaAsBi/GaAs single quantum wells (SQW) [35] and an
optically pumped laser was exhibited by Tominaga using bulk double heterostructures (DHs)
[36]. Both of these devices gave the demonstrable proof that optoelectronic devices using
GaAsBi materials could be fabricated. Recently an electrically pumped laser diode was
fabricated from MOVPE grown GaAsBi/GaAs/AlGaAs SQW heterostructures with a Bi
composition of 2.2% and exhibiting a lasing wavelength of 947nm [37]. The produced laser
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diode demonstrated operation at room temperature using pulsed injection to avoid current
heating and displayed a current density of 1.56kA/cm2.
Previous research at the University of Arkansas has also made strides to produce high
quality GaAsBi material for electrically pumped laser diode device fabrication. The material
was grown using MBE growth technology and high quality material was obtained. One of the
advances already made is the growth of identical multiple quantum wells that are needed to
increase the modal gain in the active region of a laser diode. Identical multiple quantum wells
also decrease the current density in each of the individual quantum wells resulting in lower
amounts of Auger recombination that accompanies high injection. The biggest advancement is
the high quality growth of AlGaAs separate confinement heterostructures (SCH) at low
temperature [38]. SCH structures increase the carrier confinement into the active region of the
laser diode. This low temperature growth was accomplished by using Bi as a surfactant in
surfactant mediated growth. This advancement has shown that AlGaAs SCH structures can be
growth without the possibility of degradation of the quantum well structures during SCH growth.
1.3

Material Improvement Using Post Growth Thermal Treatments
The high quality growth of the material and heterostructures needed for device

fabrication is a significant step in creating laser diodes that can replace existing
telecommunication laser diode technology. As described in the prior sections, incorporating Bi
into GaAs has many benefits; however, there is one large drawback to using Bi in GaAs. The
large size of Bi compared to the host atoms making up the alloy induces localized states in the
material [39] and contributes to structural disorder that is characterized by s-shaped features in
the temperature dependence of PL measurements.
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Reducing the structural disorder of the heterostructures caused by the incorporation of Bi
into GaAs should produce an increase in the optical properties of the material. It has been
demonstrated in other highly mismatched semiconductors that material improvement was
achieved by using rapid thermal annealing (RTA) [40]. In the aforementioned study, it was
found that with lower temperature and longer times the effect was the optimum for improving
the optical quality. Since RTA has shown to have such an improvement on another highly
mismatched semiconductor alloy, it was thought to be a candidate to improve material quality
from SQW heterostructures involving another highly mismatched semiconductor.
Indeed thermal treatments have been accomplished on the GaAsBi material. Thermal
annealing has been performed on MOVPE grown material [41] [42] [43]. Standard thermal
annealing is a long process that can last several hours. This is a hindrance in making a material
system suitable to replace the current telecommunication laser diodes. To commercialize a laser
device, the processing of the device from the grown materials needs to occur at an accelerated
rate in which long annealing times is not preferred. Because of this reason RTA is the process
that is normally used in the industrial environment when a thermal annealing process is required,
such as annealing contacts to form ohmic contacts in the finals stages of device fabrication.
The RTA process has been accomplished on different GaAsBi material structures
including bulk material as well as epi-layers [44] [45]. The work with the bulk material showed
1.3 times increase in PL intensity, but did show some structural improvement by the removal of
the s-shape temperature dependence of the PL spectrum.

This s-shape dependence is

characteristic of structural disorder that plagues highly mismatched semiconductor alloys. The
work with the epi-layers, which were between 10 nm and 50 nm thick, displayed an optical
quality improvement of 3 times over the original PL intensity. This work showed a decrease in
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the s-shape behavior of the temperature dependence of PL intensity, thus verifying the
improvement in structural quality. To date no studies have been accomplished on
heterostructures that are needed for laser diodes.
In this work, the effects of RTA on GaAsBi/GaAs heterostructures needed for
optoelectronic devices was investigated. The optical properties of the heterostructures were
studied using PL measurements. This technique allowed the PL intensity to be compared before
and after the post growth RTA treatment. HRXRD was used to determine the composition and
thicknesses of the quantum well structures that make up the heterostructures being studied.
HRXRD also was used to investigate structural changes in the heterostructures due to the post
growth RTA process.
1.4

Scope of thesis
This thesis begins with the examination of several experimental designs that could be

used to accomplish the desired research as well as the measurements that will be used to
characterize the heterostructures before and after RTA in Chapter 2. Chapter 3 contains a
discussion of RTA, its applications, equipment characteristics, and recipes required to
accomplish this research. Chapter 4 introduces the construction and testing of a PL system
utilizing Fourier Transform Infrared Spectroscopy (FTIR) as well as the optical characterization
of the heterostructures. Structural characterization of the annealed heterostructures will be
described in Chapter 5. Chapter 6 will conclude this thesis and discusses future improvements to
the PL system as well as other works that can be accomplished to further the development of
GaAsBi/GaAs material system needed for optoelectronic devices.
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Chapter 2
2.1

Experimental Design and measurements

Experimental Design of Annealing Treatment
The goal of this research was to improve the crystalline quality of MBE grown

heterostructures through post growth RTA. To accomplish this, an annealing treatment was
needed to be optimized in order to improve the crystalline quality to the greatest extent. There
were two main variables, time and temperature, which were considered when designing an
experiment to investigate the effects of RTA on the GaAsBi/GaAs heterostructures. The
optimization of the RTA process could have been accomplished in multiple experimental
designs, which will be discussed in this chapter. The first was a full factoral study which
expanded to investigate the effects of both time and temperature to find the optimum conditions
for RTA. The second was a computer statistics program that used selected points to measure and
then, using the data from these points, calculated the statistically optimum RTA treatment. This
second experimental design could give accurate results even when actual testing of the optimal
combination of time and temperature is not accomplished. Lastly setting one of the variables
constant and varying the other was also examined.
The full factoral style experimental design was the most thorough of all the different
designs considered.

In this design an annealing pattern would be developed that would

investigate the two main variables by holding one constant while the other was varied and then
changing the steady variable to another value and repeating the experiments. A hypothetical full
factoral style annealing study with temperatures varied between 450°C and 800°C and with time
beginning at 10 seconds and then moving all the way to 2 minutes is given in Figure 2.1. For
this design to be effective a large number of samples would be required. As seen in Figure 2.1,
even for temperature increments of 50°C and time increments of 30 s, 40 samples would be
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required to accomplish this task using the full factoral layout. This large number of required
samples inhibited the use of this layout for the investigation contained in this work.

Figure 2.1 Full factoral layout of RTA experimental design.
A statistical experimental design utilizes a statistical software package, such as JMP, to
govern the testing conditions that would allow for a statistical fit of the data that would
determine the optimum annealing conditions. The advantage of this type of experimental design
is that it optimizes both annealing time and temperature without the use of so many samples as in
the full factoral layout design. This experimental design is not quite as in-depth as the full
factoral layout because the statistically optimized conditions may not actually be attempted. The
program uses data points on the edges and at strategic points within the full factoral layout to
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develop a statistically viable optimum. As with all statistics having more data points decreases
the amount of error within the optimized conditions. To ensure that the results for this type of
design are accurate more samples are required to reduce the uncertainty in the data. This design
can focus into a closer range with fewer samples than that of the full factoral layout, but in order
to get close to a time and temperature optimization the number of samples required exceeded the
amount available for this work.
Another way to accomplish an investigation into the effect of RTA on GaAsBi/GaAs
heterostructures is to hold one variable constant while the other variable is varied. This is the
least accurate of the experimental designs because it only accounts for one variable, such as the
30 second line on the full factoral layout. The advantage of this type of design is the small
number of samples required for the testing. There is no guarantee that the variable that is held
constant is at the optimum level of annealing, such that the optimum condition found is only
valid for the constant variable.

Although this seems to be the most ineffective way to

accomplish these studies, it is the most common method of accomplishing this type of
experiment as seen in [45]. The small number of samples required for this type of experimental
design is beneficial in that it ensures annealing can be accomplished pieces diced from a single
wafer. Using a single wafer for all diced pieces, allows for annealing to be based on a sample by
sample basis, which is desirable.
2.2

Sample measurements
A strategy to accomplish the experiment is only one part of the experiment that needs

consideration. Thought also needs to be given to how to measure the success of the experiment.
In any experimental practice there are some measureable quantities that can be determined
before and after the process to determine how successful, if at all, an experiment was.
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Because this work involved attempting to improve the material quality in the
GaAsBi/GaAs heterostructures, a good measure of the treatment’s effectiveness at improving the
material quality was by measuring the amount of extra light output once the treatment was
performed. PL measurements were used to gauge the improvement in optical quality and
structural quality in several ways. The first way was to check the optical quality by recording the
gain in photoluminescence from the sample after the treatment process. A gain in PL intensity
from the treatment would show that the experiment was successful in improving the material to
allow more intense light to be generated using the same supplied energy. A measure of the
structural quality of the material was judged from the line width of the resulting PL spectrum. If
the material quality was improved then the line width of the PL spectrum would be narrowed due
to fewer defect related states that broaden the PL spectrum. Another way to use PL to measure
the optical and structural quality of the heterostructures after annealing was the peak wavelength
positioning.

The shifting of the peak wavelength position gave some indication about

interactions taking place in the heterostructures during the annealing process, such as destruction
of the quantum wells. This recordable data in the PL measurements gave insight into the ability
of RTA processing to improve the material quality and reduce non-radiative recombination in the
grown heterostructures being investigated.
Another measure of the structural quality was accomplished using HRXRD.

This

characterization technique was useful in obtaining information such as composition of the alloy
in the heterostructures as well as the thickness of the quantum wells. The structural quality was
also gauged by the smoothness of the data and the appearance of thickness fringes that appear
during the measurement.

These fringes help determine the quality of the interface region

between the alloy comprising the quantum well and the barrier layer on each side. High quality
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interfaces produced smooth thickness fringes in the measurement. If the interfaces between the
quantum wells and the barrier layers were not very good quality then these thickness fringes
would be rough and disorderly and would even disappear if the quantum well was destroyed. By
using the HRXRD measurement the structural quality of the GaAsBi/GaAs heterostructures was
gauged to determine what effect that RTA had on the structure and whether the heterostructures
were damaged by the thermal processing.
2.3 Summary
This chapter has discussed the experimental designs that were possible to complete this
work and the measurements that were accomplished on the heterostructures to determine the
optical and structural properties before and after annealing. It was shown that the most accurate
experimental designs (full factoral) required the use of more heterostructure samples than were
available for this work. In Ref. 40 it was shown that in another high mismatch semiconductor
that longer times and lower temperatures had a more significant effect on the optical properties
of the material therefore, a single variable design was utilized such that the time variable was
held constant at 60 seconds while the temperature was varied between 400°C and 750°C. To
access the success of the RTA post growth thermal treatment at improving the material quality of
the heterostructures PL and HRXRD measurements were employed. Having an experimental
design and knowing the required measurements to access the successfulness of the experiment
allowed the work involved with this research to begin.
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Chapter 3
3.1

Rapid Thermal Annealing

Heatpulse Rapid Thermal Annealer
The instrument used for annealing was a Heatpulse rapid thermal annealer (RTA). This

instrument uses tungsten halogen lamps, set into an array, to increase the temperature of
semiconductors rapidly, soak the semiconductor for a short period of time, usually in seconds,
and then rapidly cool down the sample using cold heating chamber walls so stop the annealing.
A diagram of a typical RTA unit is given in Figure 3.1.

Figure 3.1 Schmatic diagram of a rapid thermal annealer

The RTA used for this research used radiation in the visual spectrum in order to heat the
individual samples, whether for one whole wafer or several small individual pieces that were to
be annealed at the same conditions. The high intensity radiation could raise the temperature of
the semiconductor samples within the RTA at up to 200°C per second and have a cooling rate of
150°C. The factory recommended that the steady state temperature range for all annealing
procedures be between 400°C and 1200°C.

The unit had the capability to sustain this

temperature for up to 9999 seconds which was well beyond most RTA recipes. This instrument
was also rated to hold the temperature stable to ±7°C and have a maximum temperature non20

uniformity of 5°C across a 6” wafer at 1100°C. The temperature could be measured by either a
thermocouple or a pyrometer, and in this work the thermocouple was used. The Heatpulse RTA
also allowed for external gases to be input into the annealing chamber, so annealing tookke place
in inert (nitrogen) atmosphere to ensure that no oxidation took place on the surface of the sample
that could degrade the sample surface the high temperatures.
In order to set up the RTA for annealing there were several things that needed to be
turned on in order to supply the RTA with the needed cooling and inert atmosphere that was
required for the annealing trials. The first thing was to get the water cooler running in order to
supply cold water to the RTA to keep the walls of the RTA below room temperature. The RTA
also required a gaseous source of nitrogen to provide an inert atmosphere for the annealing trials.
This was accomplished by opening the valve on the nitrogen bottle and then adjusting the flow
on the front of the RTA. The glass sight gauge on the front of the RTA allowed for the user to
detect and verify the specified flow for annealing.
A Heatpulse 210 was used for annealing the samples. This RTA had a ramp up rate of
50°C per second while the ramp down rate decreased the temperature from 650°C to below the
320°C growth temperature in 28 seconds. This rapid cool down terminated the annealing that had
continued in the initial annealing trial. The temperature of the cooling water was initially 10°C
when the annealing started. The temperature of the cooling water rose to 20°C during the
annealing and then began to cool back off to 10°C before the next annealing could begin. Figure
3.2 illustrates the temperature profile of the Heatpulse 210 during an RTA treatment with a
steady state temperature of 650°C.
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Figure 3.2 Temperature profile of Heatpulse 210 used for subsequent annealing trials. The red
lines indicate the cool down time from the end of the steady state condition to the 320°C growth
temperature.

3.2

Annealing Recipes
The recipes used for this RTA thermal process were basic instructions for the RTA to

process the sample inside the annealing chamber. Before the RTA could be used there was a 30
minute warm up period in which the power for the RTA was turned on but no actual annealing
was accomplished.
The basic recipe used in the Heatpulse 210 RTA used the same parameters with the only
difference being the steady state temperature used for annealing. For all annealing trials the
temperature ramped up at a rate of 50°C per second until the sample came to a steady state
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temperature. The steady state temperatures used for this annealing trial began at 450°C and
incremented at 50°C to a maximum temperature of 700°C in order to keep from destroying the
quantum structures within the material [24]. All steady state conditions were kept for 60
seconds, after which the temperature was ramped down.
During all annealing trials the samples that were being annealed were capped with a
GaAs wafer to avoid As desorption from the surface due to high temperatures. The samples
were placed in a tray that was supported by glass fingers that held the tray in place. Care was
required in placing the sample in the tray because the fingers that held the tray in place could be
broken very easily. A thermocouple was placed in the tray and the sample to be annealed was
placed close to the end of the thermocouple so that the temperature of the thermocouple was
equivalent to that of the sample that was being annealed. Once the sample was placed in the tray
and capped with the GaAs wafer then the tray cover was placed very carefully on the tray to
avoid damaging the fingers that held the tray in place. Once the sample was in place, the RTA
door was closed and latched in place to provide a good seal so as to keep the inert atmosphere in
the annealing chamber during operation.
Once the annealing cycle had completed and the temperature was cooled down to 100°C,
to prevent damage to the quartz tray holding the sample, the door to the RTA was opened and the
sample was then allowed to return to room temperature before removing the lid from the sample
holding tray. Once the sample had reached room temperature, the tray cover was carefully
removed and the GaAs cap wafer was removed from the top of the sample. The sample was then
removed and placed into its individual sample box. The system was then closed for a dry run at
the next annealing temperature to make sure that the system performed correctly. This process
was repeated for every sample that was to be annealed.
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When the final sample was annealed and allowed to cool, the system was closed and the
shutdown procedures were initiated. The nitrogen for the inert atmosphere was shut off to the
unit from the front of the RTA and then the bottle or valve was closed. After nitrogen was
removed from the RTA it was allowed to cool the rest of the way down until the cooling fan in
the RTA unit stopped. At that point the cooling water was turned off and the system shut down.
3.3

Summary
In this chapter RTA that was used in this research was introduced. The Heatpulse 210

had a quick cool down time of just 28 seconds, from an annealing temperature of 650°C to below
the 320°C growth temperature. In all the annealing trials the annealing time was set for 60
seconds and the temperature was varied between 450°C and 700°C, except one annealing in
which the unit overran the temperature to 750°C instead of the 700°C as called for in the recipe.
The samples were capped to prevent As desorption from the sample surface and the annealing
took place in an Nitrogen atmosphere to prevent reactions from occurring on the surface at
elevated temperature. Before any annealing, the RTA was put through a dry run with no sample
to ensure that the equipment performed the way the recipe called for.
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Chapter 4

Photoluminescence (PL)

PL is a contactless, nondestructive measurement tool that is used to probe the optical
properties of a given material, in the case of this research it was the GaAsBi/GaAs
heterostructures. PL can also be used as an indicator of structural changes in the quantum wells
such as out diffusion of atoms that are used to make up the alloy in the quantum wells. Due to its
non-destructive and contactless properties, PL is one of the most commonly used measurements
used for characterizing the optical properties of materials.
For semiconductor materials to luminesce, in such products such as a TVs, digital clocks,
cell phones, and even PL measurements, three processes within the material making up the
device or material being studied were required. These processes are the absorption of energy,
the relaxation of carriers, and the recombination of electrons and holes, thus producing light.
The energy supplied to the materials can be of different types of energy. It can be
electrical energy when electrons are injected into the material, it can be chemical energy, and in
the case of PL measurements the energy supplied is in the form of photons. For the photons to
be absorbed by the material the energy of the photons must be larger than that of the bandgap of
the material being studied, because photons that do not have that much energy cannot excite
electrons the reside in the valence band of the material up to the conduction band. This
excitation of electrons out of the valance band generates electron-hole pairs that are required for
the emission of light.
The electrons that have been excited to the conduction band of a material are usually
given energy higher than that of the bandgap and thus populate electronic states higher in the
conduction band.

Before the recombination of electron-hole pairs occurs, the majority of

electrons in the conduction band relax back to the conduction band minimum. In order for this to

25

occur, the excess energy carried by the electrons has to be given off in either phonon interactions
or given to other electrons moving them to even higher energy. Once the electrons have relaxed
to the conduction band minimum they are ready to recombine with the holes in the valance band.
It is the recombination of electron-hole pairs that generate light in the luminescent
semiconductor material. The light generation in semiconductor materials is the energy that is
given off by the electron as it releases energy and relaxes back into the valance band. When the
electron releases its energy, a photon is given off with the amount of energy from the conduction
band minimum to the valance band maximum. The energy is what is called the bandgap of the
material. The majority of photons emitted during the recombination of electron hole pairs are
emitted with this energy. All that is left is to detect the photons that have been given off from
the material.
4.1

PL system construction
Before any annealing could take place a measurement system had to be constructed,

which would allow for testing of the PL from the heterostructures that were to be studied. The
three most important pieces of the system were the laser which supplied energy to the material,
the sample holder that held the sample during measurements and a detector that could measure
the photons that are released from the material. Without these things the PL measurement could
not take place.
There were two lasers used in the PL measurement system. The first was a 785 nm, 100
mW laser diode that was mounted in a TEC cooling housing. This laser diode was only used
during the initial setup and testing of the system to ensure that the system worked as desired.
This laser diode was temperature controlled by using the TEC cooler to stabilize the temperature
and thus the light output.
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The laser used for optical pumping of the heterostructures that were to be annealed was a
532 nm diode pumped solid state (DPSS) CW laser that had a maximum power of 500 mW.
This laser used an neodymium-doped yttrium orthovanadate (Nd:YVO4) crystal that was
optically pumped using a high power laser diode to excite the neodymium ions in the crystal that
produced lasing at 1064 nm. This laser light then went through a frequency doubling to reduce
the wavelength to 532 nm that was used for the PL measurements. The laser used for the PL
measurements had some issues that had to be overcome to produce quality results from the PL
setup. The biggest issue that had to be overcome was the production of 1064 nm light that
escaped the laser and infiltrated the PL system and was collected by the detector (Figure 4.1).
This excess light was within the data range desired, therefore it was required to reduce or
eliminate this light from getting into the system as to not overshadow the results from the
luminescence of the GaAsBi/GaAs heterostructures being studied.

To accomplish this, a

bandpass filter was installed in the lasing beam path just as it left the laser. This filter was
designed to pass 532 nm light and had a bandwidth of 10nm to filter out all other signals. For
the 1064 nm light coming from the laser the bandpass filter allowed only 0.07% that energy of
photons. While this was not total elimination it allowed for the intensity of the luminescence
from the material to be larger than that of the 1064 nm laser light so it did not interfere with the
sample measurements.
The temperature of the sample needed to be controlled during the PL measurement to allow for
materials to be tested at low temperature, as well as room temperature. This temperature control
also allowed for temperature dependent measurements in the testing of the PL system to
determine if the results of the systems were accurate. To accomplish this, a Janis ST-100 optical
cryostat was installed for the sample holder in the system.
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This cryostat allowed for

temperatures from 1.5 K using liquid helium to 350 K using an electric heating circuit built into
the cryostat.

An adaption to the sample mount was desired to increase the amount of light that

escaped the cryostat. This was accomplished by moving the mounting plate to the forward side
of the holder instead of being in the middle (Figure 4.2).

Figure 4.1 Graph displaying the collection of 1064 nm light from the laser source. The lasing
media has characteristic wavelengths of 1064 nm and 1342 nm that can be clearly seen. Inset
displays close up of PL spectrum from the sample.
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Figure 4.2 This is an Autocad drawing of the redesigned sample holder for the Janis ST-100
cryostat. The sample mounting plate has been moved to the front of the sample holder instead of
being in the middle. The mounting plate has a groove machined into the surface where the
sample will mount
With the installation of the newly designed sample holder, the only other major piece of
the system was the detector. Because this PL system was to be used in the near and mid infrared
ranges of the electromagnetic spectrum, a fourier transform infrared (FTIR) spectrometer was
used to detect the output light from the heterostructures. Unlike grating based spectrometers that
separate the incoming light into its different wavelengths to measure the light intensity at every
wavelength, the FTIR produces an interferogram by splitting the incoming light into two pieces
using a beam splitter. One beam of light hits a stationary mirror and returns to the beam splitter
where it interferes with light that has been reflected off of a moving mirror. This light is then
sent to the detector that operates in the infrared range (Figure 4.3) [46]. One of the major
advantages to using FTIR is that the scan time for each scan was, in the order of one second or
less. This allowed for the collection of many scans which were used to reduce the noise in the
spectrum.
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Figure 4.3 Schematic diagram of a FTIR system. The incoming light is split by a beam splitter.
One beam bounces off of a stationary mirror and the other off of a moving mirror. The detector
measures the intensity of light as a function of moving mirror position. [46]
The interferogram (Figure 4.4) [47] produced by the interferometer and detected by the
detector is unique because it contains all the information about the wavelengths of light in the
signal. Once the interferogram is recorded by the detector, the electronics in the FTIR transform
the interferogram into a spectrum using fourier transforms. This spectrum is what is displayed on
the computer screen as the measurement is accomplished. The FTIR is a useful piece of
equipment that has more functions than was required for this experimentation. The FTIR is a
stand along piece of equipment that can measure the transmission and reflectance of a given
material that is placed in the measurement area of the FTIR. The system used in this work was
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adapted to perform PL measurements by feeding it an external source of light and keeping the
sample area clear of any other material that could sway the results.

Figure 4.4 Diagram of an interferogram that is produced in an FTIR. The interferogram is
generated by measuring the light as a function of mirror position. [47]
The FTIR used in this experiment was a Nicolet 8700 FTIR. This instrument had two
detectors built into the system. One of the detectors was a DTGS, using triglyceride sulfate,
which was mainly used for transmission measurements.

This type of detector has a low

responsivity but has a very large spectral range that can be used for transmission data using a
white light or infrared source. The other detector in the unit was a mercury cadmium telluride
(MCT) detector. This detector has a greater responsivity than that of the DTGS but the range in
which it works is much narrower. The MCT detector had a spectral range of .9 μm to 5 μm, with
the highest responsivity in the detector occurring over 2 μm in wavelength.
Once the three pieces needed for the PL system were gathered, it was just a matter of
installing optical accessories needed to guide the lasing light to the sample and other optical
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accessories to collect and guide the light produced by the GaAsBi/GaAs heterostructures to the
FTIR.

For this experiment aluminum plated mirrors were used to guide the light to the

heterostructures residing in the cryostat. Before the laser light impinged on the sample, it was
passed through a lens that focused the beam spot onto the sample resulting in a smaller beam
spot on the sample. Mirrors were not used on the collection side of the cryostat because the
infrared light required gold plated mirrors to adequately reflect the light. Instead the cryostat
was aligned directly with the entrance to the FTIR and a three inch collection lens was used to
collect the light and send the light into the FTIR. The other accessories that were added to the
PL system were two 3-D stages that controlled the position of the cryostat so that more than one
sample could be installed in the cryostat and measured. Another 3-D stage was added to the
collection lens that sent the light from the GaAsBi/GaAs heterostructures to the FTIR unit. This
allowed for the optimization of the light collection by being able to adjust the gap between the
collection lens and the sample as seen in Figure 4.5.
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Figure 4.5 Schematic diagram describing the setup of the PL system constructed for the purpose of investigating the annealing of
GaAsBi/GaAs heterostructures. An alignment laser is installed which was a low power 632 nm helium neon (He-Ne) laser operating at
2 mW. This laser allowed for the alignment of the beam to the sample without the use of the higher power DPSS laser.

4.2

PL system testing
The testing of the PL system involved using a 785 nm, 100 mW laser diode in a

thermoelectric cooling housing. This diode temperature was regulated to 20°C to stabilize the
light output from the laser. Testing of the PL system involved several different measurements
that worked to illustrate that the system was functioning as intended. The tests performed were
the laser power versus current supplied to the laser diode, the stability of the system over time,
temperature dependence, and a pumping power dependence measurement. These system
evaluations were performed over several different material samples to prove that the system
functioned normally.
The laser diode used for the testing of the setup was characterized to understand the
relationship between the supplied current and the output power of the laser diode. This allowed
for the adjustment of the laser power without having to check it each time that a measurement
was made. To accomplish this, the current supplied to the laser diode was read off the laser
diode controller and then compared to the output power of the laser diode that was measured by
a power meter. The results of this testing indicated a linear dependence of output power to the
supplied current to the laser diode (Figure 4.6). This allowed for the output power of the laser
diode to be changed without having to measure the power for each test. While the laser diode
was rated for only 100 mW the current was increased to increase the power output of the laser
diode. The laser diode displayed no signs of degradation at higher currents so the laser diode
was run at 150 mW output power for the majority of the testing of the PL system.
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Figure 4.6 The output power of a laser diode vs the supplied current.
The stability of the system was examined using an indium gallium arsenide (InGaAs)
sample that was known to be a strong emitter of light. The sample was placed in the cryostat and
cooled to 80 K. After waiting 30 minutes for the temperature to stabilize, the sample was excited
with the 785 nm laser operating at 150 mW and the PL measurement was recorded. The
measurement was finished and the laser was turned off. Then after 30 minutes the process was
repeated and the measurement was plotted against the previous measurement (Figure 4.7). The
measurement was done several days in a row to verify the stability of the system over a larger
range of time (Figure 4.8). The data collected displayed only 3.3% variation in the PL intensity
throughout the day but had no detectable shifts in wavelength or FWHM. The multiple day
collection had a variation of only 5.7%, thus showing stability of operation. The proving of the
stability of the system allows for continuation of testing to more material specific.
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Figure 4.7 The stability of the PL measurement capabilities over time. This measurement was
repeated approximately every half hour throughout the day.

Figure 4.8 System stability testing for a different day.
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Once the stability of the system was verified, the testing continued to material specific
testing that would be used to verify the constructed PL system was adequate for the research that
was to be conducted. The next test to be performed was a temperature dependence measurement
on a GaAsBi/GaAs heterostucture similar to the ones that were to be annealed. The difference in
the samples used for the testing and those that were to be annealed was that the tested samples
were better quality and had already displayed room temperature PL on a different system that
utilized an InGaAs detector, which is much more sensitive than that of the MCT detector in the
FTIR.
For this testing, multiple samples were measured including a single quantum well (SQW)
and a double quantum well (DQW) heterostructure. These structures were placed in the cryostat
and the temperature was varied between 10 K and 300 K. At each temperature interval the
measurement was delayed for 30 minutes to allow for the temperature to stabilize. Between the
10 K and 70 K, the cryostat was provided with liquid helium that evaporates at a much lower
temperature than that of the liquid nitrogen, which was used for the 80 K to 300 K
measurements.

The temperature dependence data was collected and then compared to the

temperature dependence of GaAs which made up the substrate. It has been reported that the
temperature dependence of GaAsBi is equivalent to that of GaAs [48]. In this testing, it was
shown that the temperature dependence of GaAsBi heterostructures was comparable to that
reported in Ref 47 (Figure 4.9).
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Figure 4.9 Temperature dependence of GaAs and GaAsBi heterostructures measured during
testing of the constructed PL system.
The last test of the PL system before being put into service was a power dependence
measurement on the same two samples that the temperature dependence was measured. To
accomplish this measurement the temperature of the samples in the cryostat was reduced to 10 K.
The temperature was allowed to stabilize for 30 minutes before any measurement took place.
The laser diode was turned on and the temperature of the laser diode was controlled at 20°C and
allowed 30 minutes to stabilize. The output power of the laser diode was then set to 150 mW
and the measurement was conducted. Then the output power of the laser diode was reduced by
30 mW and the measurement was repeated. This process was repeated until the measurement at
30 mW was completed, then the laser diode output power was reduced to 10 mW and a final
measurement was made. Once the 10 mW PL measurement was completed then the temperature
38

was raised by 20°C and allowed 30 minutes to stabilize then the entire procedure was completed
again. This process was repeated until a 10mW signal could not be seen at a given temperature.
Figure 4.10 shows the PL spectra for a double quantum well at room temperature being pumped
at 10 mW excitation power. The power dependence was plotted as the area under the curve of the
PL spectrum as the power was varied at constant temperatures. The area was obtained was from
909 nm to 1667 nm because at the higher temps and lower power measurements the spectrum
broadened to encompass these wavelengths (Figure 4.11). The area was obtained using the
integrate function contained within Origin™. The results of this testing procedure were given in
Figure 4.11 and Figure 4.12. The laser diode pumping power can be written as a function of the
PL signal, so when any one recombination mechanism dominates the function can be simplified
to a single power law. [27] [49] [50] To obtain the slopes the data was fitted in Microsoft Excel
using power fits that when plotted on a log-log scale appeared as a linear line.

Figure 4.10 PL spectrum of The DQW at 300 K. The sample is being pumped at 10 mW.
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Integrated Intensity
Figure 4.11 Power dependence of a SQW heterostructures. The dots indicate measurements with
the fitting of the measurement data in the lines. Each fitted line has the slope of the line in text.

Figure 4.12 Power dependence of a DQW heterostructures. The dots indicate measurements with
the fitting of the measurement data in the lines. Each fitted line has the slope of the line in text.
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The results plotted in this way gave indications of the different types of recombination
being dominant in the material. A slope of 1 indicated radiative recombination, while a slope of
2 indicated Schlocky Reed Hall recombination, and a slope of 2/3 indicated Auger
recombination. In both of the examined samples, the low temperature measurements had slopes
near 1 but as the temperature increased the slopes reduced towards 2/3. This was an indication
that Auger recombination was dominant at higher temperatures. Auger recombination is a three
particle process that usually occurs at high injection conditions, contrary to what was believed to
be the injection using the 785nm laser being used for testing. Several factors could have led to
this type of outcome beyond strictly pumping power. If the absorption of the material was high
at this certain wavelength then most of the photons could have been absorbed increasing carrier
populations. Another factor could be the beam spot size, in which a smaller size beam could
have increased carrier injection. These factors were beyond the scope of this research and were
not investigated.
4.3

Pre-Annealing PL Measurements
Once the testing of the PL system was complete, the system could then be used to

measure PL on samples that were to be investigated as a function of annealing parameters. The
first thing that occurred was to change out the pumping laser to a 532 nm, 500 mW laser in order
to increase the pumping density and increase the light output of the samples. The samples that
were to be annealed were chosen on several aspects. Even if these samples did not exhibit room
temperature PL on the FTIR PL system, each sample was selected on the intensity of the PL at
low temperature. These samples had a single peak and had enough material left from the grown
quarter of a two inch wafer to accomplish an annealing run involving at least 6 testing points. PL
spectra of three of the tested structures are given in Figure 4.13, with all the samples being SQW
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heterostructures. The two samples that were chosen were not the strongest emitters but showed
similar PL intensity and had enough pieces to complete the research.
After selecting the two samples to be used in investigating the effects of RTA on the
GaAsBi/GaAs heterostructures, the initial PL from each piece that would make up a data point
was collected. This PL was collected at low temperature (80K) to insure PL intensity signal to
noise ratio was greater than 20. During these measurements it was observed that the sample had
non-uniformity in the growth of the structures shown by a variation in the peak wavelength
position of 50 nm and PL intensity variation of 0.05 (Figure 4.14). The cause of the nonuniformity was not clear, but before any comparison could be made on the samples a
normalization plan had to be implemented to give a baseline PL that the annealed structures
could be compared against.

Figure 4.13 Sample comparisons from three SQW structures that were selected for annealing
candidates.
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Figure 4.14 PL measurement of the growth non-uniformity within the samples cut from the
grown wafer. Distinct differences can be seen both in the PL intensity and the peak emission
wavelength.
While the Figure 4.14 representation showed the PL spectra of the samples that were cut
from the wafer giving the relative intensity of each one, the peak position shift was difficult to
determine. By mapping out the positions of the samples against the grown wafer a glimpse of
the growth uniformity was examined. In order to map out the wafer, one of the samples was
chosen to be a reference sample around which all the rest would be based. This sample had the
highest PL intensity of the samples that were cut from the original wafer. The mapping that was
accomplished was incomplete because some of the pieces of the grown wafer had been
previously removed and sent out for collaborative purposes. The results of the mapping of the
non-uniform PL measurements are given in Figure 4.15.
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Figure 4.15 Wafer mapping using the PL measurement of samples cut from the grown wafer.
The wavelength shift in the peak emission is given in nm. It is color coded to show where this
shift was a blue shift or a red shift.
In order to have a baseline PL measurement to compare the annealed results against the
samples needed to be normalized to a constant height and wavelength. To accomplish this, the
entire set of data points that were used to make each spectrum were divided by the maximum
intensity of that spectrum, thus giving a maximum intensity of 1. The spectra were then shifted,
with all points within the curve being shifted by the same amount, to a single peak wavelength.
This normalization is shown in Figure 4.16. These constants that were used to shift the data to a
normalized size and position were applied to the samples after annealing for the comparison to
be made.
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Figure 4.16 This figure displays the results of the normalization of the individual spectrums that
were collected from each of the samples cut from the grown wafer. This normalization gave a
base line spectrum that the post annealing spectrums could be compared wit
4.4

Post annealing PL measurements
Once the initial PL measurements had been recorded and a normalization process was

developed the samples could then be processed in the RTA. After the samples had been treated
with the RTA process, the PL measurement was repeated. Once the PL measurements were
recorded the normalization constants that were used to normalize the initial spectrums were
again applied to the spectrums of the samples after the RTA process. The PL spectrum from one
complete annealing trial that had the normalization constants applied is shown in Figure 4.17.
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Figure 4.17 This figure displays the results from the PL measurements of Sample A after the
RTA thermal process.
In Figure 4.17 it is seen that there is a typical blue shift of < 50 nm when compared to
the 1100 nm normalized peak emission spectrum after the annealing procedure. The blue shift in
the wavelength appears to be similar regardless of the annealing temperature except for the
annealing temperature of 750°C which shows a blue shift of over 100 nm. The causes of the 20
nm blue shifting could be the diffusion of Bi, which collected on the surface of the material
during growth, away from the quantum well. The major blue shifting of the peak energy at
750°C indicated that the quantum well may have been destroyed.
There were two grown samples that were diced into pieces that were to be annealed. The
experimental design called for each of the samples to have the RTA process accomplished on
them from 450°C to 700°C. Due to equipment errors, Sample A did not have the 700°C RTA
data point as the temperature overran to 750°C. Sample B had an error in the processing at the
600°C temperature; therefore, that data point is missing. Sample C did not have enough pieces
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for a full annealing trial, but was a room temperature emitter. Therefore, sample C was only
annealed at the optimum temperature as found in the previous annealing trials.
Data gained during post annealing PL was the PL intensity change, the blueshift, and the
full width half maximum (FWHM).

Using this data, the gain in optical quality could be

measured as well as indications of the structural quality of the material. The results from the two
annealed samples, Sample A and Sample B, are given in Figure 4.18 to Figure 4.20. From this
information it was confirmed that the optimum annealing temperature for the 60 second
annealing time was 500°C. These results also displayed a relatively equal blueshift within 5 nm
in the post annealed structures at all temperatures except for the 750°C temperature which has a
significant blue shift of over 100 nm.

Figure 4.18 The PL intensity gain as a function of temperature. Sample A is (black squares) and
Sample B (red diamonds). Both samples have error bars of 5.7%.
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Figure 4.19 Blueshift in nm of the annealed samples after annealing. Sample A (black squares)
and Sample B (red diamonds).

Figure 4.20 FWHM after annealing. Sample A (black squares) and Sample B (red diamonds).
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The two samples that were annealed had different characteristics after the RTA thermal
processing, especially in the FWHM measurement. Sample A showed an initial increase in the
FWHM before beginning to narrow after the 500°C while Sample B displayed a FWHM that was
a minimum at 500°C before beginning to increase. One possible explanation was that the
structural quality of the samples chosen was different. This can be seen in Figure 4.21, which
showed that Sample B had a line width 20 meV narrower than Sample A. This suggested that
Sample B had better structural quality than Sample A. Thus a lower temperature could improve
the FWHM to a minimum before the structural quality began to decrease.

Figure 4.21 Normalized comparison of the two samples that were annealed.
Having the PL done at low temperature resulted in defect states being frozen out, which
reduced the ability to see exactly how well the RTA thermal processing was at improving the
material quality. To get a better idea about how well the RTA processing affected the sample, a
room temperature emitter was required so that the difference before and after could be
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determined by the PL measurement.

To accomplish this a third sample (Sample C) was

identified which had room temperature PL. Sample C did not have enough material left from the
grown wafer to fulfill a complete set for a third annealing trial, but was used to examine the
effects of the RTA process at the optimum temperature. Once a room temperature emitter was
found, a single piece of the wafer was removed and had its PL measured. After the initial testing
of the sample then the sample was processed by RTA at the optimum condition, for the 60 s
time, of 500°C found in the first two annealing trials and the testing was repeated. This PL
testing was done at room temperature to have a better idea of the effect on how well the RTA
processing improved the material quality of the heterostructures. Figure 4.22 displays the before
and after PL measurement of the room temperature emitter. The RTA processing on Sample C
increased the PL intensity 2.2 times the initial PL intensity. The emission peak position also
shifted 6 nm and the FWHM narrowed by 8 meV from 108 meV to 100 meV. This showed that
at room temperature the PL intensity is increased as more of the defects were not frozen out, thus
giving a better indication of material improvement.
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Figure 4.22 Comparison of the room temperature sample (sample C) before and after annealing
at 500°C. The black line is the sample before annealing while the red line is the sample post
annealing.
4.5

Summary
In this chapter the construction and testing of a PL system using FTIR for stability and

against some previously reported work to ensure that the system operated effectively. Once the
system testing was accomplished, the system was used to set a baseline for the RTA of
GaAsBi/GaAs heterostructures. The system recorded the changes in optical properties that
resulted from the RTA processing. This PL system recorded a maximum gain in the PL intensity
of 1.8 times the initial PL intensity at low temperature and a gain of 2.2 times in the PL intensity
of the room temperature of sample annealed at 500°C. The PL also recorded improvement in the
structural quality of the samples both at low temperature and at high temperature. These results
show only modest improvement of 2.2 times gain in the PL peak intensity of the material system
being investigated.
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Chapter 5

X-ray Diffraction

X-ray diffraction has many uses in the study of the structure of materials.

This

measurement can give information about an epitaxial layer’s thickness, composition, strain, and
other information about the structure of the material being studied. In this research, the X-ray
diffraction measurement was used to accomplish three things. The first was to determine the
composition of Bi within the heterostructures while the second was the thickness of these
structures. The third was identifying any structural changes that occurred in the material due to
the RTA process. To obtain the composition and thickness data a Rocking curve measurement
was completed.
5.1

Equipment Utilized and Measurement Procedure
In this investigation the equipment used was a Phillips Panalytical X’Pert MRD to

perform the X-ray diffraction measurement. This instrument is designed to perform structural
investigations into semiconductor thin films, bulk materials, and heterostructures. The
measurement of any sample required the alignment of the sample for the x-ray diffraction
measurement. This alignment was crucial to the accuracy to the measurement that was to be
completed. The alignment of the sample had two parts. First was the alignment of the primary
optics to that of the detector being used to make the measurement. The second part is the
alignment of the detector to the substrate being used.
To accomplish this, the position of the detector was moved to the zero position and all the
offsets were verified to be cleared. An x-ray beam attenuator was placed in the beam path to
limit the amount of x-rays that would reach the detector during the direct beam measurement.
Once the attenuator was in place, an omega scan was accomplished to rotate the detector 1° on
the omega rotational axis. The resultant spectrum had a maximum number of counts per second
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around 70,000. The alignment of the detector to the primary optics required moving the position
from the zero position to that at which the maximum intensity occurred.
The next step was the beginning of the alignment of the substrate to that of the detector.
The first step in this was to align the height of the sample to the optimum position. This step was
accomplished by setting the Z axis setting to 5 mm and then running a Z scan over a range of 10
mm. The resulting graph would be at a maximum as the sample was not blocking the beam of xrays and would reduce to zero as the sample was moved into the beam path. Once the spectrum
from the Z scan was produced the alignment mark was moved to the center of the slope from
maximum to zero. Next an omega scan was performed over 4° and the alignment was moved to
the maximum intensity of the omega scan. The Z scan was then performed again with only 4 mm
of movement and the alignment mark was moved to the center of the downward slope. This
process of scanning omega and Z at 4° and 4 mm was iterated several times to ensure the
alignment of the sample in the Z direction.
Once the sample was aligned in the Z direction, the sample substrate information was
input for reference so the diffractometer knew the correct position to align itself in order for the
sample alignment to take place. In the case of the GaAsBi/GaAs heterostructures the GaAs (1 0
0) substrate was chosen because it was the substrate orientation on which the heterostructures
were grown. The miller indices that were chosen to input into the system were the (4 0 0). Once
this data was input into the machine, the machine moved to its theoretical location as given by
the substrate data. For GaAs (1 0 0) this was 66.0479° for 2-theta and 33.0239° for omega.
Once the detector was in place, then an omega scan was run at 5° around the theoretical omega.
The alignment mark was moved to the resultant spectrum maximum to optimize omega for the
particular substrate. Then Psi was scanned around a 5° angle and then the alignment mark was
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moved to the maximum intensity. Again the scan of omega was performed, only this time the
angle which omega was scanned was 1°. The alignment mark was then moved to the maximum
intensity and the Psi scan was repeated. Finally the Omega scan was run for a 0.5° angle and the
alignment mark was moved to the maximum intensity. This scanning of omega and Psi was
iterated many more times to get the alignment that produced the maximum number of x-rays
reaching the detector from both Psi and Omega.
Once the alignment was finished the sample offsets were put into place to make the
aligned position become the theoretical position. Once this was completed, the sample was then
ready for the Rocking curve measurement. To accomplish a Rocking curve measurement, a
program was written for the machine to scan 2-theta from 63° to 69° during an omega/2-theta
scan. From this spectrum the composition and thickness in the heterostructures were ascertained.
5.2

Composition and Thickness of Heterostructures
One of the first pieces of data that needs to be verified about a MBE grown material is the

composition of the material and the thickness of the layer containing the material. In the case of
this research, it was used to determine the composition of Bi in the quantum wells of the
structure as well as the thickness of the quantum wells. In order to accomplish this, omega-2theta
scans called rocking curves were performed on each of the chosen samples that were to be
annealed to determine their composition and quantum well thickness.

The thickness and

composition of the sample, once the rocking curve measurement was generated, was verified by
fitting the experimental data with a theoretical fit of the information. This fitting was based off
of the material parameters for Bi and that of GaBi [51] [52]. Since the GaBi material has yet to
be created the structural parameters are still unknown to researchers studying the GaAsBi
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material. Even without the GaBi material, there was a generally accepted lattice constant for the
GaBi material of 6.324 Å [2], which was input into the database that was used for data fitting.
In order to fit the data a simulated structure was developed that would closely resemble the
measured data. This simulation then had the compositions and thicknesses varied until a good
fitting of the data was made. The three samples and their composition are shown in Figures 5.15.3 using the fitting data. From the fitted data, the composition and thickness of the samples is
given in Table 5.1.

Table 5.1 Composition and thickness of the heterostructures being investigated including the
composition and thickness of the GaAs cap layer
Sample

Composition

Thickness

Cap layer
composition

Cap layer
thickness

A

3.2%

5.2 nm

0.2%

29.0nm

B

4.6%

15.6 nm

0.3%

24.1nm

C

5.3%

5.7 nm

0.3%

22.6nm

Distinct differences were seen in the structure of the two samples that were chosen for
low temperature annealing. Sample B had a 1.4% higher incorporation and thickness than that of
Sample A. These differences could be part of the reason of the differences in the FWHM PL
measurements after the RTA processing of these two samples. The x-ray diffraction
measurements on the non-annealed samples used to fit the composition and thickness are given
in Figure 5.1, Figure 5.2, and Figure 5.3. In each of these figures the measurement data is the
black line while the simulated data, red line, is the fitted line to the raw data.
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Figure 5.1HRXRD (004) omega/2theta scan of GaAsBi/GaAs heterostructures (Sample A). The
red line is the best fitting of the raw experimental data which the thickness and composition are
derived.

Figure 5.2HRXRD (004) omega/2theta scan of GaAsBi/GaAs sample B. The red line is the best
fitting of the raw experimental data which the thickness and composition are derived.
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Figure 5.3HRXRD (004) omega/2theta scan of GaAsBi/GaAs Sample C. The red line is the best
fitting of the raw experimental data which the thickness and composition are derived.
For each of these fittings the structure used for the simulation was a 500 μm GaAs
substrate with a single quantum well layer that had a given thickness and composition,
and then a GaAs cap layer. In all of the fitting it was seen that to fit the data accurately a
small incorporation of Bi was needed in the GaAs cap layer.

This amount of Bi

incorporation into the cap layer was between 0.2% and 0.3%, with cap layers ranging
from 29.0 nm to 22.6 nm in thickness as seen in Table 5-1.
5.3

Post annealing measurements
Once the annealing of each of the samples was accomplished, the HRXRD, used again to

produce rocking curves for all the samples that were annealed. This was accomplished to search
for structural changes in the material as a result of annealing. In each of the samples that were
annealed the HRXRD measurements were plotted together with the substrate peak in the same
position, but shifted in intensity for clarity in viewing. The shape and position of the layer and
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fringe peaks were compared to each other. The results of this indicated that no major structural
changes occured within the GaAsBi/GaAs heterostructures samples A & B until the annealing
temperature reached 750°C. This was indicated by the loss of the fringe peaks when at the 750°C
annealing temperature. There appeared to be some disordering in the thickness fringes as the
temperature was increased 700°C, which indicated the interfaces between the quantum well was
beginning to lose stability (Figure 5.4) and (Figure 5.5). The red circles in the Figures 5.4 and 5.5
were placed to show the degradation in the fringe peaks as annealing temperature was increased.
It was evident by the reduction in the peak to valley height and the smoothness of the line shape.

Figure 5.4HRXRD (004) of Sample A of pieces that were annealed at different temperatures.
The annealing temperature is placed under the rocking curve that it corresponds to. The red
circles are placed to highlight the degradation in the interfaces of the heterostructures.
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Figure 5.5 HRXRD (004) of Sample B of pieces that were annealed at different temperatures.
The annealing temperature of each piece is placed below the rocking curve that it corresponds to.
The red circles are placed to highlight the degradation in the interfaces of the heterostructures.
The room temperature emitter (sample C) was the next to be studied to see if the
optimum annealing temperature for the given time of 60 seconds had any detrimental effect on
the heterostructure. This sample was only annealed at 500°C. Due to not seeing any detrimental
effect in the annealing until the 750°C annealing temperature there were no expectations of
deterioration in the heterostructures. In fact, the annealing had a positive effect on the structure
of the heterostructure being investigated as shown by the thickness fringes being better formed
than that of the non-annealed measurement. In addition, the narrower FWHM in the PL emission
suggested better structural quality. The results from this investigation are given in Fig 5.6.
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Figure 5.6 HRXRD (0 0 4) of GaAsBi/GaAs heterostructure sample C before and after
annealing at 500°C. The upper figure is before the RTA while the lower figure is post annealing.
5.4

Summary
This chapter discussed the HRXRD of the GaAsBi/GaAs heterostructers. From the

HRXRD measurements that were accomplished on these heterostructures, the composition and
thickness of the heterostructures were derived from the Using the Panalytical X’Pert Epitaxy and
Smoothfit computer software. Using this fitting it was shown that the structure of the annealed
heterostructures was different and could have caused some of the differences in the PL FWHM
measurements that were seen in the previous chapter. This Chapter also explored the annealing
effect on the structure of the samples that had been annealed. Changes began to occur around the
700°C annealing temperature and by 750°C the quantum well was destroyed.

The room

temperature emitter also had the structure examined before and after annealing and revealed
annealing improved the structure seen in the sharper lines in the measurement.
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Chapter 6

Summary, Conclusion, and Future Work

In this work the construction of a PL system using FTIR was detailed along with the
testing of the system. The system was then used to Measure the PL of sample before and after
annealing to indicate if the RTA treatment improved the material quality, thus reducing nonradiative recombination that is attributed to defects within the heterostructures under
investigation. HRXRD was accomplished on the heterostructures to determine their composition
and thickness as well as the effect of annealing on the heterostructures themselves.
The PL setup was successfully constructed and tested. This system showed stability
throughout the day and over several days suggesting that the system was stable enough to repeat
measurements from day to day.

The temperature dependence with this setup agreed with

previous research on heterostructures similar to the ones used in this research. The PL system
was shown to adequately measure the PL from GaAsBi/GaAs heterostructures.
An experimental design to study the effects of RTA on GaAsBi/GaAs was developed and
implemented. This design used an increased time over that of other RTA studies and showed
that similar results from RTA could be achieved at lower temperatures. Using PL to evaluate the
effects of RTA on the heterostructures showed that the optical quality of the GaAsBi/GaAs
heterostructure was moderately improved at a RTA temperature of 500°C with the maximum
intensity gain at for the low temperature measurement of 1.8 times the non-annealed PL intensity
and for room temperature emitter a 2.2 times gain in the PL intensity. Beyond the 500°C
temperature a decrease in the optical quality was observed with the PL peak intensity reducing
below the pre-annealed value. The blueshift in the PL of the samples after annealing is present at
the lowest temperature of annealing and stayed relatively steady within ±5 nm throughout the
annealing temperature range until the destruction of the heterostructure at the 750°C annealing
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temperature. This suggested out diffusion was possible from Bi that has congregated on the
surface of the heterostructure during growth. The FWHM showed no clear trend in the annealing
but this could have been due to the differences in the sample structure.
HRXRD was used to examine the structure of the samples and give the composition and
thickness of the heterostructures that were being tested. The HRXRD showed that the quantum
structures began to degrade above the optimum annealing temperature of 500°C, and by the
750°C annealing temperature the quantum well was destroyed. The room temperature emitter
revealed that the optimum annealing temperature at the 60 second annealing time did not degrade
the heterostructures.
In conclusion it was shown that RTA could be used as a method to improve the optical
and structural properties of GaAsBi/GaAs heterostructures. The optimal annealing temperature
was larger than the standard RTA process of forming ohmic contacts in the fabrication of devices
by 85°C proving that these heterostructures can survive the RTA process that is used in the
device fabrication process.

This demonstrated that these heterostructures are capable of

fabrication into laser diodes.
Future work that has been revealed during this research consists of improvements to the
PL setup to make it more efficient in the near infrared range as well as obtain the ability to
control the temperature of the sample without the use of external cryogens. For this work
cryogen was purchased to cool the temperature of the samples to 80 K in the continuous flow
optical cryostat. In order to upgrade the system to make the PL more efficient in the near
infrared an InGaAs detector could be added externally to the system while using the FTIR to
guide the incident light to the detector for measurements. The FTIR unit has two auxiliary ports
that could be used for this purpose. The other upgrade that would make a large impact on the
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system is the installation of a closed-cycle cryostat that would use compressed helium as a
cryogen. This system would be able to cool the detector down to the desired temperature
without the need for purchasing cryogen prior to attempting to make low temperature
measurements.
Other work that could be accomplished would be the investigation of even longer times
in the RTA and lower temperatures. This would be used to help fill in a full factoral layout to
find the optimum annealing time and optimum temperature that would produce the biggest gain
in optical quality. While this work focused on SQW heterostructures, a high efficiency laser
diode could be made up of MQW and SCH heterostructures. An investigation into these types of
heterostructures would show the effects of RTA on structures that could be used in the
fabrication of laser diodes.
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Appendix A Description of Research for Popular Publication
Fast heat on a new material equal cheap internet
Optoelectronic devices have transformed the way that the world operates and has found a
home in most every industry there is. This could be the remote control on the entertainment
equipment that allows users to listen to music, watch tv, and even play video games. Another
way in which optoelectronic devices have impacted the lives of the majority of people on the
planet is the development of fiber optics that allows for large amounts of information to be sent
long distances in a short amount of time with low loss of signal strength down the cable. This
has put the world at a person’s fingertips. The use of fiber optics allow the rise of the internet to
the way we receive it today whether it is looking up information for research, social networking,
live streaming of tv and radio. But all of this technology has come at a cost power it takes to run
the fiber optic systems.
P.C. Grant, μEP student of Dr. Fisher Yu, Electrical Engineering at the University of
Arkansas has recently performed research into making the next generation of cheaper fiber
optics. P.C. said, “The fiber optic system relies on an emitter, typically a laser at one end, a fiber
optic cable in the center, and a receiver on the other end. One may ask what the added power is
if the signal doesn’t lose signal strength down the cable. The power loss is actually in the signal
emitter.” Typically fiber optic communication laser diodes are made from indium gallium
arsenide phosphide material system making up the active region of the device. These materials
are tuned to generate light at a specific frequency that is ideal for coupling to the fiber optic
cable. There is one downside to this material in that the performance of the device is reduced as
the temperature increases. This loss in performance is due to having to have higher electrical
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current to turn the device on at high temperatures. The telecom industry that upkeeps these fiber
optic systems circumvents this problem by incorporating thermo-electric coolers into the final
packaged emitting device. This allows the laser to stay cool, which stabilizes the light output
from the laser. The extra power to run the thermo-electric cooler is where the power is lost in the
system. Even though the laser device is quite efficient, adding in the thermo-electric cooler
drastically reduces the efficiency of the overall system to below 10%.

P.C. says, “The

introduction of fiber optics transformed how we send data and has brought the world to our
finger tips but, this overall system has plenty of room to increase its efficiency.
In order to reduce the cost of these services, the emitter units in the fiber optic system
need to increase their efficiency. One way to accomplish this is by changing the laser that emits
the light down the fiber optic cable. A lot of research has gone into searching for a better
material to make up the active region of the laser diodes to make the overall system more
efficient. One of the new materials that have been proposed that could take the place of the
current laser diode active materials is the gallium arsenide bismide material system. One may
ask with the benefit of this material is? The largest benefit is that this material not only can be
tuned match the wavelength needed for fiber optic cable, but at the same time can reduce the
processes that degrade current fiber optic laser diodes.

In other words, it can run at higher

temperatures, thus reducing or eliminating the need for the power hungry thermo-electric coolers
installed in current fiber optic lasers.
While using less electricity should lower the cost it also leaves less of a carbon footprint
on the environment. So not only do we get a system that cost less to operate, it also is less
damaging to the environment. If this this material system is so good why isn’t it in service
already? Well the biggest problem is that it is still relatively new. While research has been
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performed to show that the material itself has properties that make it useful to make a device
from, other issues are making the material itself as efficient as possible and to see if the material
can be used in standard device fabrication processes.
Efficiency of a new material is limited by defects created in the crystalline structure of
the materials during growth and improvements occur by reducing the amount of these defects
that limits the amount of light generated in the material. One of the ways in which these defects
are eliminated is by rapid thermal annealing. This process involves quickly heating the material
up to a certain temperature and then holding that temperature for a set period of time before
allowing the material to cool. This heating adds energy to the atoms that make up the crystalline
structure allowing the defects to propagate out of the material. This also has the ability to check
one of the fabrication steps that could hurt the material in that the application of metal ohmic
contacts to the device is usually accomplished by the use of rapid thermal annealing. The rapid
thermal annealing needs to be optimized to get the largest increase in the light output form the
material while staying above the annealing temperature for ohmic contact formation.

The

research performed at the University of Arkansas proved that the optimized annealing
temperature could increase the light output from the material by more than double and stay
above the annealing temperature used in the standard ohmic contact formation process.
The latest research is nothing in a long line of steps needed to make a laser diode from a
new material. With the completion of this research a laser diode that can increase the efficiency
of the emitter section of a fiber optic system is closer to becoming reality. While there is still
more work to be accomplished the possibility of moving beyond the status quo in fiber optics is
coming into reach.
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Appendix B Executive Summary of Newly Created Intellectual Property
The newly created intellectual property was the optimum rapid thermal annealing
temperature at a given time of 60 s of GaAsBi/GaAs SQW heterostructures.
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Appendix C Potential Patent and Commercialization Aspects of Listed Intellectual
Property Items
The newly created intellectual property can be patented as a process to improve the
optical and structural characteristics of GaAsBi/GaAs heterostructures.

This intellectual

property should not be patented because there is no way to detect its use without a license.
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Appendix D Broader Impact of Research
D.1 Applicability of Research Methods to Other Problems
This research investigated if longer times of RTA could reduce the temperature needed
over that needed for shorter times. Indeed it was shown that the 60s time frame allowed for
annealing to be accomplished at a much lower temperature over shorter time frames, 500°C
compared to 700°C. This has shown that in materials that have low temperature thermal stability
that the RTA process can be used if the time is increased.
D.2 Impact of Research Results on U.S. and Global Society
While this research does not have the ability to make the world a safer place to live and
work, this research does push forward the ability to create a fiber-optic laser diode that is more
efficient to operate. This would allow for larger amount of data to be moved from one place to
another for the same price as current technology. Society has been transformed by the ability to
send and receive data from anywhere in the world in seconds compared to days and weeks it
used to take. Increasing the efficiency of the devices used to send data could reduce cost to the
consumer and who does not want more money in their bank account, which because of fiberoptics you can check the balance from the comfort of your own home.
D.3 Impact of Research Results on the Environment
The results of this research show that the efficiency of the GaAsBi/GaAs heterostructures
needed for optoelectronic devices can be increased by the rapid thermal annealing process. Any
efficiency gained in material means that when the device is fabricated and used commercially
that the power usage for the device will be lower. This lower power usage results a smaller
carbon footprint for the device. Thus it will reduce the amount of greenhouse gases released into
the atmosphere from the production of electricity from the burning of fossil fuels.

74

Appendix E Microsoft project for MS MicroEP Degree Plan

75

76

77

78

Appendix F: Identification of All Software Used for Research and Thesis Generation
Computer #1
Model Number: Acer TravelMate 5760-6825
Serial Number: 13702139425
Location: Personal laptop
Owner: Dr. Shui-Qing Yu
Software #1:
Name: Microsoft Office 2010
Purchased by: Dr. Shui-Qing Yu
Serial Number: 02260-018-0000106-485249
Software #2
Name: Origin 8
Purchased by: Perry C. Grant
Serial Number: GF3S4-9489-7335432
Software #3
Name: Microsoft Project 2010
Purchased by: University of Arkansas Site License
Computer #2
Model Number: Dell Vostro A860
Serial Number: 52M6XK1
Location: ENRC 2933B
Owner: Dr. Shui-Qing Yu
Software #1
Name: Omnic
Purchased by: Dr. Shui-Qing Yu
Firmware version:1.70
Computer #3
Model Number: Dell Precision T3400
Serial Number: 9WJSVH1
Location: Nano 153
Owner: Dr. Greg Salamo
Software #1
Name: X’Pert Data Collector
Purchased by: Dr. Greg Salamo
License Number: 13001110
Software #2
Name: X’Pert Epitaxy and Smoothfit
Purchased by: Dr. Greg Salamo
License Number: 13001110
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